A palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid negative pattern was formed on a flexible film by photolithography and then converted to a copper pattern by electroless deposition. The negative pattern of the hybrid was formed by UV-irradiation of the layer composed of acrylate monomer, palladium salt, and a photo radical initiator. The photochemically generated radicals induced the radical polymerization of the acrylate and also reduced the palladium ion to form palladium nanoparticles. A copper film was deposited on the surface of the hybrid pattern by electroless deposition, where the palladium nanoparticles work as a catalyst and the nanometer-scale roughness due to the silica nanoparticles increases the adhesion between the polymer and copper.
Introduction
Hybrid materials composed of polymers and nanoparticles are of great scientific and industrial interest because of their unique properties such as conductivity, sustainability, and permeability [1] [2] [3] [4] [5] [6] . Efforts have been made to incorporate nanoparticles, such as metal nanoparticles and metal oxide nanoparticles, into polymer matrices, given the fact that a nanoparticle-dispersed polymer material (nanoparticle/polymer hybrid) derives its properties from the nanoparticles, such as catalytic activity [1, 2] and optical properties [3, 4] . Metal nanoparticle/polymer hybrid films can be prepared by the deposition of metal nanoparticles on the surface of a polymer film and by in situ formation of metal nanoparticles via the reduction of the metal ions by reducing agents [1] [2] and photochemically generated radicals [5] [6] [7] [8] [9] . Benzoin [6] [7] [8] and polysilane [9] function as a photo radical initiator to produce metal nanoparticles in solvents and polymer matrices.
Photochemical formation of metal nanoparticles is useful for fabricating micro-pattern of hybrid. The obtained hybrid films are expected to be metallized by means of electroless plating due to the catalytic activity of the metal nanoparticles. Common electroless processes involve three main steps: i) surface preparation, ii) surface activation or surface seeding with a catalyst, and iii) the electroless plating process itself [10, 11] . While surface preparation, such as etching to increase the surface roughness, is necessary to provide good adhesion, it can affect the physical properties of the deposited metal film and damage the polymer substrate. Recently, to fabricate a micro pattern such as electric circuits, a simple and cost-effective approach containing direct metallization of photolithographic and printed patterns has attracted much attention [1, 2, [12] [13] [14] [15] . Copper is the most important metal in this process, because of its high conductivity and low electromigratory property. Therefore, we have proposed the fabrication of micropatterns by direct electroless copper deposition on a photolithographic pattern [16, 17] . In this paper, we studied on such direct electroless copper deposition on a polymer substrate whose surface is coated with a palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid layer (<100 nm), as shown in Figure 1 . Next, we discuss the nanometer-scale structure of the hybrid surface, which plays an important role in electroless deposition. Figure 1 . Schematic representation of the formation of a palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid negative pattern by photo-irradiation, followed by the electroless copper deposition 2. Experimental 2.1. Materials Silica nanoparticle modified by acrylic group (toluene dispersion, Fuso Chemical) was prepared by sol gel process and has a primary particle size of 24 nm and a secondary particle size of 35 nm, which were measured by TEM and by electrophoretic light scattering, respectively. Tris(acryloyloxymethyl)propane (TMPTA, TCI), palladium (II) acetate (Nacalai), 2-hydroxy-2-methyl-1-phenyl-propane-1-on (Darocure 1173, BASF), 2,2-azobisisobutylonitrile (AIBN, Wako) and propylene glycol 1-monomethyl ether 2-acetate (PGMEA) were used as received.
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Formation of a hybrid negative pattern by photolithography
Typical photolithographic hybrid negative patterns containing palladium nanoparticles were prepared as follows: palladium (II) acetate (20 mg), Darocure 1173 (photo radical initiator, 10 mg), TMPTA (monomer, 110mg), silica nanoparticles (10 mg), and hydroquinone (radical inhibitor, 0.1 mg) were dissolved in tetrahydrofuran (THF, 4 mL). This mixture (monomer solution, Figure 2 ) was spin-coated onto a polyethylene terephthalate (PET) film (thickness 250 µm) to form a thin layer. The layer was irradiated with a high pressure Hg-arc lamp for 35 sec (6000 mJ) through a photomask (50, 100, 250 µm L/S pattern). The UV-irradiated layer was developed with methyl isobutylketone (MIBK) and the negative pattern of palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid was obtained. The pattern was annealed at 120°C for 10 min. Formation of the negative pattern of palladium nanoparticle/silica nanoparticle/polymer hybrid by photolithography and its conversion to the copper pattern by electroless deposition
Formation of a hybrid layer by annealing
A typical hybrid layer was prepared as follows: TMPTA (monomer, 55 mg), palladium (II) acetate (5 mg), AIBN (radical initiator, 5 mg), and silica nanoparticles (10 mg) were dissolved in PGMEA (4 mL). From the mixture, a polyethylene terephthalate (PET) film (thickness 250 µm) was spin-coated with a layer composed of TMPTA/palladium acetate/AIBN/silica nanoparticle. The coated PET film was annealed at 120 °C for 30 min and then washed with methyl 142 isobutylketone (MIBK) to remove the low-molecular-weight components, which resulted in the formation of a palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid layer (thickness 50-100 nm) on its surface.
Electroless copper deposition
The PET films were immersed in an electroless copper deposition bath (Okuno Chemical Industries) for 0.5 -1 min at 40 °C.
Measurement
Transmission electron microscopy (TEM) images were obtained using a JEOL model JEM-2100 microscope at an acceleration voltage of 100 kV. The specimens were prepared by dropping the solution of the mixture onto a carbon-coated copper grid and allowing the solvent to evaporate, followed by annealing at 120°C. An atomic force microscope (AFM, Nanopics, Seiko Instrument, Inc.) operated in the damping mode with a silicon cantilever and a field-emission scanning electron microscope (FE-SEM, JEOL 6700F) were used to observe the film surface. For cross-sectional TEM and FE-SEM observation, the samples were sectioned into slices with the conventional microtome technique using a diamond knife. The adhesive strength between the copper film and the PET substrate was determined by measuring the pull adhesive strength with bonding test equipment (Bondtester 4000, Nordson DAGE). Fourier transform infrared spectra (FT-IR) were obtained by a Thermo model NICOLET 4700 equipped with an attenuated total reflection attachment (GATR, Harrick Scientific).
Results and Discussion
3.1. Formation of a hybrid negative pattern by photolithography and its conversion to the copper pattern by electroless deposition.
A copper micropattern was fabricated by photolithography and electroless deposition as shown in Figure 2 . The negative pattern (thickness 0.09 µm) of the palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid was formed by the UV-irradiation of the layer composed of TMPTA, palladium (II) acetate, silica nanoparticles, Darocure 1173 and hydroquinone thorough a photomask (50, 100, and 250 µm L/S) and following development and annealing at 120 °C. Using electroless deposition, a copper film was selectively deposited on the surface of the hybrid and then the hybrid pattern was converted to the copper pattern without deformation (Figure 3a) . The copper thin film (thickness 0.12 µm) was free of cracks or defects. The FE-SEM image of the copper film shows granular copper deposits (Figure 3b ). It is considered that the radical species generated from Darocure 1173 by the UV irradiation induce the radical polymerization of TMPTA and also the reduction of the palladium ion, resulting in the formation of the palladium nanoparticle/silica nanoparticle/acrylic polymer hybrid negative pattern. The palladium nanoparticles on the surface of the hybrid catalyze the electroless copper deposition. The copper was not deposited on the hybrid without annealing. The annealing would potentially promote Pd, which was formed from Pd ion, to afford nanoparticles. The photolithography of the layer containing no hydroquinone resulted in the formation of a pattern with lower resolution. Hydroquinone works as a radical inhibitor and prevents the radical reaction at the un-irradiated part to increase the resolution of the negative pattern.
The adhesion between the copper film and the PET substrate was evaluated through a peel adhesion test using 3M tape. In the test, copper film (20 mm × 10 mm) was scored into 1 mm × 1 mm squares, after which tape was applied to the cut surface and then peeled off. When the test was performed, the copper film on the PET substrate coated with the hybrid containing silica nanoparticles was completely undamaged, whereas most of the copper film on the substrate coated with the hybrid containing no silica nanoparticle was damaged. This shows that silica nanoparticles increase the adhesion between the copper film and the hybrid.
Electroless copper deposition on a hybrid layer formed by annealing
A layer composed of acrylate monomer, palladium salt, silica nanoparticles, and radical initiator (AIBN) on a PET substrate was converted to a palladium nanoparticle/silica nanoparticle/ acrylic polymer hybrid layer by annealing at 120 °C. The radicals would induce the radical polymerization of the acrylate monomer and also would reduce the palladium ion to form the palladium nanoparticles. Using electroless copper deposition, a copper film (thickness 150 nm) was deposited on the surface of the hybrid-coated PET substrate. The copper film was free of cracks and defects (Fig. 4a) . The FE-SEM image and the AFM image of the copper film show granular copper deposits similar to that of the photochemically formed hybrid. The peel adhesion test showed that silica nanoparticles increase the adhesion of the copper film.
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The effect of silica nanoparticles toward the adhesion of the copper film
Silica nanoparticles increase the adhesion between the copper film and the hybrid as shown above. The adhesive strength of the copper film deposited on the hybrid-coated PET substrate was evaluated by the pull adhesive test and then the pull-off section was analyzed by ATR-FT-IR to determine the position where the pull-off occurs. The adhesive strength between the copper and the hybrid layer formed by annealing was 4.1 N mm -2 . After the pull test, the copper film side and the PET substrate side of the sample were analyzed by ATR-FT-IR (Fig. 5) . Some peaks that are attributable to the acrylic polymer (Fig. 5a, 5c ), which is a major component of the hybrid, were observed for the copper film side but not for the PET substrate side (Fig. 5b) . The pull-off occurs at the interface between the hybrid layer and the PET substrate side (hybrid/PET interface), because the copper/hybrid has a greater adhesive strength than the hybrid/PET. This result also shows that there is a high degree of adhesion between the copper film and the hybrid.
The nanometer-scale structure of the hybrid formed by annealing was evaluated by TEM, AFM and FE-SEM. A comparison of all the images shows that palladium nanoparticles and silica nanoparticles are present on the hybrid surface as shown below. The TEM image (Fig. 4b) of the hybrid shows the palladium nanoparticles (black particles, diameter: < ca. 5 nm) and silica nanoparticles (gray particles, diameter: 30-50 nm), although most of the palladium nanoparticles seem to be aggregated. The surfaces of the hybrid layer containing silica nanoparticles and that containing no silica nanoparticles were observed by AFM and FE-SEM. The cross-sectional AFM image of the surface of the hybrid containing silica nanoparticles (Fig. 4c) shows the roughness (< ca. 40 nm) due to the silica nanoparticles. In contrast, the AFM images of the hybrid containing no silica nanoparticles (Fig. 4d) show a flat surface (roughness < ca. 10 nm). The FE-SEM image of the surface of the hybrid containing silica nanoparticles (a primary particle size: 24 nm) shows particles with diameters of 10-100 nm and 30-50 nm, which are considered to be aggregated palladium nanoparticles and silica nanoparticles, respectively (Fig. 4e) . Both aggregated palladium nanoparticles and a silica nanoparticle appear to have the almost same diameter (ca. 30-50 nm) and it is hard to distinguish some of the particles. Then we prepared the hybrids containing silica particles of 100 nm diameter and observed them by FE-SEM (Fig. 4f) . The aggregated palladium nanoparticles and a silica nanoparticle can be distinguished easily. This result indicates that both palladium and silica nanoparticles are shown also in Figure 4e . Cross-sectional TEM and FE-SEM images of the copper film deposited on the hybrid-coated PET substrate are shown in Figure  4g , 4h and 4i. In Figure 4g , palladium particles (gray particles, diameter < ca. 5 nm) and a rough interface derived from a silica nanoparticle (diameter = 20-30 nm) were observed in the layer between the copper film (upper layer) and the PET substrate (lower layer), which is considered to be the hybrid layer. The image of the hybrid layer without copper film also shows palladium and silica nanoparticles (Fig. 4h) . Figure 4i shows that copper is penetrated into the lower layer, which is considered to be the hybrid layer. Copper seems to be deposited between the silica nanoparticles, which are present on the surface of the hybrid layer.
All these images clearly indicate that, the palladium nanoparticles on the surface of the hybrid layer (thickness 50-100 nm) catalyze the electroless deposition, and the interface between the deposited copper and the hybrid is rough for the silica nanoparticles. The nanometer-scale roughness (< ca. 50 nm) due to the silica nanoparticles would promote the adhesion through nanoscale mechanical interlocking effects. 
The mechanism of the formation of the hybrid
The hybrid layer would be formed as shown in Figure 6 . The radical formed from Darocure (photo radical initiator) or AIBN (radical initiator) induces the reduction of the palladium ion [6] [7] [8] [9] as well as the radical polymerization of the TMPTA (acrylate monomer). The acryl group at the surface of the silica nanoparticles copolymerizes with the acrylate monomer, forming the crosslinking network composed of acrylic-polymer chain and the silica nanoparticles. The crosslinking network will be formed with in a minutes, since the life time of Darocure under UV and AIBN at 120°C is estimated to be within a minute. During the polymerization process, palladium is also formed in situ, but do not grow into larger size particles, because it cannot diffuse in the crosslinking network. Palladium nanoparticles having catalytic activity could grow during annealing at 120°C
Conclusion
A palladium nanoparticle/silica nanoparticle acrylic polymer hybrid negative pattern was formed by photolithography and then converted to a copper pattern by electroless deposition. Electroless copper deposition catalyzed by palladium nanoparticles on the hybrid layer forms a copper film, whose strong adhesion is derived from the nanometer-scale roughness of the hybrid surface. This process enables direct electroless copper deposition on a smooth polymer film and could be applicable for manufacturing printed circuits on a flexible film. In common electroless processes, metals are deposited onto a polymer surface that has a micrometer-scale roughness formed by chemical etching [10, 11] , which can affect the physical properties of the metal film and damage the polymer substrate.
